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Delayed Fluorescence and Triplet-Triplet Annihilation in 7-Conjugated Polymers
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The delayed fluorescence of poprphenylene vinylene) (PPV) and poly{phenylene ethynylene)
(PPE) derivative solids and frozen solutions at 20 K is described. It provides strong evidence for
triplet-triplet annihilation to singlets excitons, accounting for up+8% of the total emission in
PPV films and~1.5% in PPE powder. It also yields triplet lifetimes of 70 and0 us in PPV
films and frozen solutions, and200 and ~500 us in PPE powder and frozen solutions, respectively.
[S0031-9007(99)09010-9]

PACS numbers: 71.20.Rv, 71.35.Aa, 71.35.Gg, 78.55.Kz

Very extensive studies of the photoluminescence (PL) oftate, the intrachain triplets decay tby7 annihilation to
mr-conjugated polymer films and the electroluminescencsinglets [Eq. (1)], resulting in DF.
(EL) of polymer light-emitting devices (LEDs) have been The unmistakable presence of intrachain triplet exci-
reported during the past fifteen years [1]. However, severabns in7-conjugated polymers has been observed by op-
basic issues have remained unanswered. In particular, rically detected magnetic resonance (ODMR) [8—14] and
gquantitative observations of long-lived (microseconds taheir dynamics were studied by this technique and pho-
milliseconds) emission due to delayed fluorescence (DRpinduced absorption (PA) [6,11]. Indeed, the numerous
have been reported. In contrast, in smalconjugated cw and time-resolved PA studies showed that the polarons
molecules such DF due to triplet-tripléT-7) exciton and triplet excitons are the only significant long-lived pho-
annihilation to singlet excitons, toexcitations in such polymers [15]. Hen€eT annihila-

3T 4+ 37 — 1§%, (1) tion would be the only plausible source of any DF, yet no

which relax to the lowest (luminescent)B, state was direct evidence for such DF has been reported. This Let-
identified unambiguously and studied in detail [2,3]. On ater provides such evidence by describing the PL response
broader level, understanding triplet dynamics is importanto the modulated excitation of 2,5-dihexoxy pahy(
for small organic molecular and polymer LEDs, as theyphenylene vinylene) (DHO-PPV) powder, 2,5-dioctoxy
may be the most prolific of states generated by fusion oPPV (DDO-PPV) film and frozen toluene solution, and
the positive and negative polaronic carriers [4]. Indeed?,5-dibutoxy polyp-phenylene ethynylene (DBO-PPE)
the 25% theoretical upper limit of the EL yield of such powder and frozen toluene solution. The results show that
LEDs is derived from spin statistics, which should yield bimolecular recombination, due ostensiblyztel” annihi-
nonluminescent triplets in 75% of these fusion events [4]lation to singlets, is the source of DF which contributes
This argument is obviously simplistic, and an establishedip to ~3% of the total emission in DOO-PPV film,
picture of the nature of the coupling between the singlet-1.5% in DBO-PPE powder, and-2% in frozen dilute
excitons, triplet excitons, and the intermolecular or inter-DBO-PPE /toluene solution at 20 K at an absorption rate
chain polaron pairs may lead to significant modificationsof ~10?> photongcm®s. The measurements also yield
of the simple spin-statistical result. triplet lifetimes of 70 andi 10 ws in the PPV solids and

The lowest energy level of the interchain polaron pairsfrozen solutions, and-200 and~500 us in PPE powder
is widely believed to be slightly~0.1 eV) lower than that and frozen solutions, respectively.
of the 1!B, [5] and consequently decidedly higher than Both PPVs and PPEs are strongly luminescent materials
that of the lowest intrachait’ B, triplet [6]. Some studies [12,13,16]. The latters’ gap is-2.6 eV [12,13,16], and
have suggested that under steady-state photoexcitation ttteey have been used as the emitting layer in polymer
population of the triplet (parallel spin) polaron pairs is LEDs [13,17—20]. Powder and free-standing films of the
greater than that of the singlet (antiparallel spin) pairsPPV and PPE derivatives were vacuum sealed in quartz
which is depleted by nonradiative recombination to thetubes. Solution samples were frozen, degassed, and then
ground state [7]. Other studies, however, have suggestedicuum sealed. The PL system, which is part of an ODMR
that the triplet pair population, which may recombine tospectrometer, was described previously [9,10,14]. In this
intrachain triplet excitons, is lower than that of the singletwork, however, the 488 nm Ar laser excitation power
pair population [8]. These latter studies also predicted = P = 35 mW was modulated at frequencié® Hz =
that, in addition to direct nonradiative decay to the groundr = w /27 = 10 kHz by the Pockels cell of a Cambridge
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Instruments Model LS100 laser stabilizer, so the photorof the amplitudes of ther and y components of the

absorption rat& (1) = aP(r) was given by
G(t) = Go(1 + asinwt). (2)

The PL was detected by a fast Hamamatsu photomult
plier tube, and the in-phase and quadrature Fourier
components of the incident laser signal and the PL &t
w /27 and2v were monitored by an EG&G 5210 lock-in
amplifier.

The intrachain triplet exciton populatiory is governed
by the rate equation [3,8]

dl’lT

o G(t)Br — krnr — ynk, 3

where Br is the yield of intrachain triplet excitony is
their monomolecular decay rate, ana? is the rate of
triplet-triplet annihilation. At low excitation intensityn?
can be neglected and, assuming a solution of the form

nr(t) = A[1 + Bsinlwt + ¢)] 4)

and substitution of this expression and Eq. (2) into Eq. (3)
yields

nr(t) = G()BTTT|:1 + Lsin(wt + qo):|,
V1 + w?r7
5)
where 7 = 1/kr is the monomolecular triplet decay

(life)time and the phase shifp = arctafi—w77). The
intensity per unit volume of the DFyg is given by [3,8]

(6)

where B is the prompt fluorescence (PF) yield and the
spin-statistical factor ofi /9 is the fraction of pairs of
triplets which are in the singlet configuration. Substitution
of Eq. (5) into Eq. (6) yields a componelyr »,, of the DF
which oscillates a2 w:

2

Ipr =,3s%nT,

IpFow = —79/ Giria®B7Bs
X sin<2 r+2 —77> @)
w - .
1+ w27 ¢ 2

Since the componetitr , of the PF atw is given by
Ivg,, = GoBsasin(wt), (8)

the ratio of the amplitude ofpg,, to the amplitude of
Ipp’m is

1 yGoaBiti ©)
9 1+ w272

Hence, a measurement &5 Vs w yields 7. In ad-
dition, the fraction/pr/Ipr Of the total emission due to
DF, resulting fromZ'-T annihilation under cw conditions,
is then equal to the value dp./a at low o, where
wrr < 1.

RpL

laser beam signal &w to the modulus atv (R,s, and
Riasy, respectively) were subtracted from the similarly

idefinedRpL,x andRpy ,, respectively. The value dtp,

corrected for the system response, is then

Rbp = /(ReL = Rias.)? + (ReLy — Riusy)?. (10)

Figure 1 showsRp. Vs v = w /27 of (i) aged DHO-
PPV powder [21], (i) fresh DOO-PPV film [22], and
(iii) <0.025 mg/ml toluene solution of that DOO-PPV
at 20 K. The phases of the laser and PL signal@aat
confirmed that the PL signal &w is positive [see Eq. (7)]
and, indeed, results from DF due to a bimolecular process.
We also note that th&« component of the PL was
negligible. The excellent agreement between the results
shown in Fig. 1 and a Lorentziad/[1 + w?7*] + C
(allowing for an additive constart) yields lifetimesr =

70 us in the DHO-PPV powder and DOO-PPV film and
7 = 110 ws in the frozen DOO-PPV /toluene solutions.

» The inset of Fig. 1 showkyr/Ipr Vs the laser powepP.

The solid lines are the behavior predicted by the relation

(VT + P — 1)?
= Cl b
P

Ipp

Tor (11)
where ¢, = k#/36y and c,P = 4yGoaPBr/ak; [see
Eqg. (12) in Ref. [8]]. The observed saturation/gf:/Ipr

at P = 10 mW is due to the significant contribution of
the yn# term in Eq. (3) in lowering the triplet population
at these excitation intensities. It can be shown that in the
DHO-PPV powder and DOO-PPV film & = 10 mW
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FIG. 1. The delayed fluorescence (DR), [see Egs. (9) and

(10)] of DHO-PPV powder (open squares), DOO-PPV film
(closed squares), and0.025 mg/ml frozen DOO-PPV /toluene
solution (circles at 20 K vs the laser modulation frequemcy
The observed behavior is fit to a Lorentziaf[1 + w?7%] +

C (allowing for an additive constanC) yielding lifetimes

7 =70 us in the powder and film and = 110 us in the
frozen solution. Inset: The ratio of the cw DF to the prompt

To correct for the system response and any Fouriefluorescence (PF) vs laser power. The solid lines are the

component of the modulated laser beam at the ratios
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the contribution of theyn? term shortens the overall of the powder, in contrast to the weaker DF of the frozen
lifetime of the triplets by~20% [23]. Hence, in that DOO-PPV solution as compared to the film. This raises
case, the true monomolecular lifetime 490 us rather the possibility that some triplet formation may be related
than70 us. to specific sites or defects, consistent with their formation

Note that atP = 35 mW the DF contributes-3% and by the back-transfer of triplet interchain polaron pairs [8]
~1% of the total emission in the DOO-PPV film and and the effects of room-temperature photodegradation of
frozen solution, respectively. The excellent agreement besome PPVs mentioned above.
tween the results and Eq. (11) also rules out a significant Figure 3 compares the DF and PF spectra of powder and
contribution by a bimolecular singlet quenching processsolutions. Itis interesting to note that, while the DF spectra
for which Ipg/Ipp « ngny/ns = ny < /1 + coP — 1. of the solutions are identical or only slightly redshifted
Finally, we note that the assignment of the DF in the PPVdrom the PF, they are clearly redshifted in the powders
to T-T annihilation is also in agreement with recent mea-and film. ThisAA ~ 10 nm redshift, which corresponds
surements of the frequency dependence of the triplet P£o an energy shifAE ~ 30 meV ata ~ 600 nm, is more
and ODMR [24]. consistent with the stronger dependence oflti®, energy

Figure 2 showsRp. vs » in DBO-PPE powder and E(1'B,) on the conjugation length than that of the triplet
<0.025 mg/ml frozen toluene solution at 20 K. While E(13B,): This greater dependence 8{1'B,) is due to
the behavior of the powder is in rough agreement withits relatively extended size, as compared to the localized
the simple Lorentzian withr = 210 us, the behavior of triplet[9,10,14,25,26]. Hence, in the longerconjugated
the frozen solution does not follow the best-fit Lorentziansegments of the solutioA(1'B,) < 2E(1°B,,), but in the
obtained withr = 520 us. The poor agreement may be shortest segments resulting from strains and defects in the
due to, among others, monomolecular triplet decay thapowderE(1'B,) > 2E(13B,,).
is governed by two or more lifetimes;. Indeed, very Besides providing strong evidence for the presence and
recent measurements indicate that irreversible processaature of the DF inr-conjugated polymers, the present
occurring during photoexcitation of some PPV films atresults also impact our assessment of other processes in
room temperature result in the evolution of the DF fromthese materials. Thus, some ODMR and other studies
the behavior shown in Fig. 1 to the behavior such ag7,14,27-29] have suggested that nonradiative quenching
shown in Fig. 2. of singlet excitons by polarons may be a significant chan-

The inset of Fig. 2 shows similar dependence ofnel competing with the PF. Yet the present results suggest
Ipr/Ipr On P in DBO-PPE powder as seen in the insetthat, at the excitation intensities of this work, bimolecular
of Fig. 1 for DOO-PPV film. It also shows that, in this singlet quenching processes in the PPVs, studied in this
case,Ipr/Ipr Of the frozen solution is greater than that work, where agreement with the triplet-triplet annihilation

model is excellent, are relatively inefficient.
In summary, we have described frequency-resolved

1 photoluminescence measurements of derivatives of
10 P ——sortipmmas | A poly(p-phenylene vinylene) and polytphenylene
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FIG. 2. The delayed fluorescence (DR}, of DBO-PPE AL SE
powder (squares) and0.025 mg/ml frozen DBO-PPE /toluene 0.0 N
solution (circles) at 20 K vs the laser modulation frequency 500 60 700 800

v [see Egs. (9) and (10)]. The lines are the least-squares Wavelength (nm)

LorentzianA/[1 + w?7?] + C fits with 7 = 210 us for the

powder andr = 520 us for the frozen solution. Inset: The FIG. 3. The uncorrected PF (solid lines) and DF (open circles)
ratio of the cw DF to the prompt fluorescence (PF) vs laserspectra of the PPV and PPE samples. Note the redshift of the
power. The solid lines are the behavior predicted by Eq. (11).DF relative to the PF in the film and powders.
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